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Abstract
A bistable micro-mechanical system based on magnetic repulsion is presented exploring its ap-
plicability as memory unit where the state of the bit is encoded in the rest position of a deflected
cantilever. The non-linearity induced on the cantilever can be tuned through the magnetic inter-
action intensity between the cantilever magnet and the counter magnet in terms of geometrical
parameters. A simple model provides a sound prediction of the behavior of the system. Finally we
measured the energy required to store a bit of information on the system that, for the considered
protocols, is bounded by the energy barrier separating the two stable states.
∗ igor.neri@nipslab.org
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Mechanical bistability has attracted the attention of the scientific community in the last
years as the base for the implementation of switches [1, 2], memory bits [3], vibration energy
harvesters [4] and sensitive measurement systems [5]. In previous works we have introduced
and demonstrated the feasibility of inducing bistable behavior in Micro Electro Mechanical
Systems (MEMS) through electrostatic interaction [6] and mechanical compression [7, 8].
However the implementation and study of new routes to achieve bistable behavior at the
micro and nanoscale are still of technologically and scientific interest. In this work we present
a bistable system implemented with a micro-cantilever with a permanent magnet attached to
its tip. Bistability is introduced by placing a counter magnet, with opposite magnetization,
in front of the cantilever as depicted in Fig. 1. The magnetic interaction can be controlled by
varying the distance between the two magnets, d, or changing their relative alignment, ∆x.
The behavior of the system is characterized in terms of the rest position of the cantilever tip,
xeq, and resonant frequency, f0. We present a model able to capture the mean features of
the system as a function of the effective magnetization and geometric parameters. Finally,
a realization of a micro-mechanical memory bit is demonstrated, estimating the energy
dissipated to store one bit of information on the system.
A commercial triangular micro-cantilever (NanoWorld PNP-TR-TL[9]) is used as mechan-
ical structure. The cantilever is long 200 µm, with a nominal stiffness of k=0.08Nm−1. A
fragment of NdFeB (neodymium) magnet is attached to the cantilever tip with bi-component
epoxy resin. To set the magnetization to a known direction the system is heated up to 670K,
above its Curie temperature [10], in the presence of a strong external magnetic field with
the desired orientation. A set of two electrodes (see Fig. 1) is used in order to polarize the
cantilever producing a bend on the mechanical structure. The electrostatic force depends
on the voltage applied to the electrodes, i.e. Vu and Vd.
The deflection of the cantilever, x, is determined by means of a AFM-like laser optical
lever [11] where x is proportional to the output voltage provided by the two quadrants
photodetector (see Fig. 1). The system is placed in a vacuum chamber and isolated from
seismic vibrations to maximize the signal-to-noise ratio. All measurements were performed
at pressure P=4.7× 10−2mbar. The counter magnet position is set with a 3D stage in order
to find the working position. Two piezoelectric stacks, with a maximum excursion of 20 µm,
are then used for a fine control of ∆x, and d.
The frequency response of the cantilever is shown in Fig. 2(a) as a function of d. De-
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FIG. 1. Schematic of the whole system and measurement setup, lateal view. The bending of the
cantilever (k=0.08 Nm−1, f0=5.3 kHz) is measured by means of an optical lever. Two magnets
with opposite magnetic orientations are used to introduce bistability. Two electrodes are used to
apply electrostatic forces on the mechanical structure: Vu and Vd to force the cantilever to bend
upwards and downwards respectively. The magnetic interaction can be engineered by changing
geometric parameters such as d and ∆x.
creasing d, the mechanical structure softens producing a shift in its resonant frequency, f0,
towards lower values. This reaches a minimum value for d = db (where db is the critical
distance at which bistability appears) lower than 500Hz corresponding to a decrease of
approximately 99% respect its natural resonant frequency, f0=5.3 kHz measured without
magnetic interaction).
Mechanical structures like cantilevers are usually modeled as linear systems with a elastic
potential energy Uel = 1/2kx
2, where k is the elastic constant. In order to introduce into
the model the magnetic interaction we take into account the force between two magnetic
dipoles as:
F
m
(r,m1,m2) =
3µ0
4pir5
[
(m1 · r)m2 + (m2 · r)m1 + (m1 · m2)r −
5(m1 · r)(m2 · r)
r2
r
]
where m1 and m2 are the dipole magnetizations, r is the distance between them, and µ0
is the vacuum permeability, which yields to the corresponding magnetic potential energy,
Um = −
∫
Fm dx. The rest position of the cantilever, xeq, is obtained by finding the minima
of the total potential energy U = Um + Uel. In Fig. 2(b) a comparison of xeq predicted by
the model, without asymmetries(black line), and measured experimentally (red circles) as
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a function of d is shown. The effective magnetization, m∗ =
√
m1 ·m2, is set to match the
distance db at which bifurcation of xeq occurs. The black line in Fig. 2(c) shows the modeled
potential energy for d=2.392µm. The total potential energy U , has been reconstructed
applying a set of known forces through the electrodes and measuring the rest position of the
cantilever. The potential has been computed evaluating U =
∫
Fel dx numerically, where
Fel is the electrostatic force produced by the electrodes. A lateral misalignment of ∆x=6 A˚
has been set to fit the tilt of the measured potential energy. The two wells show an energy
difference of 0.04 fJ. The model (black line) shows a good agreement with the experimental
values (red circles). Panels in Fig. 2(d) show the potential energies of the system for the
values of d highlighted by colored regions. The system is monostable for d > db, although a
flattering of U can be seen. At some point between the red and orange regions the bifurcation
of xeq occurs. For d < db two stable states are present (orange and green regions).
As pointed out in the introduction of this paper, the implementation of bistable systems
at the microscale is pursued in many fields. In the following we show the application of the
system presented below as a micromechanical memory bit. We encode the information in
the position of the cantilever tip, i.e. ‘0’ for x < 0 and ‘1’ for x > 0. The information stored
in the system is changed applying a set of electrostatic forces through the two electrodes. In
the case presented in Fig. 3(a) the forces, represented in as blue dotted curve, are applied
cyclically to switch from ‘1’ to ‘0’ and vice versa. Those forces result in an effective tilt of
the potential energy that push the cantilever to jump from one to the other potential well
(black solid curve). Once the voltages, and thus the forces, are set to zero the state of the
bit can be read. The two rest positions are represented by the dashed red curves. Fig. 3(b)
shows the hysteresis loop of x as a function of the electrostatic forces F . The superimposed
red curve shows the path followed by the cantilever position when increasing the force and
going positive, starting from the state ‘0’, the green curve shows the cantilever tip path
when the forces goes negative, starting from the state ‘1’.
Energy dissipation per logic operation is one of the quantities that must be addressed by
future logic devices to further increase their performance. We have measured the work per
switch done on the system by evaluating W =
∫
∂U
∂V
dV as in [12–14]. Red circles and blue
squares in Fig. 4 represent the work performed to switch the bit from ‘0’ to ‘1’ (W01) and
from ‘1’ to ‘0’ (W10) for different values of d. The difference between W01 and W10 is due to
the potential energy difference in the bottom of the two potential wells.
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FIG. 2. Frequency response and bistability of the system as a function of the distance between
magnets. (a) Frequency response of the cantilever as a function of the distance between magnets,
d. Reducing the distance between magnets the magnetic repulsion increases. The effect is a
softening of the structure and thus a lowering of its resonant frequency. At the bifurcation point,
db, the resonant frequency reaches a minimum value lower than 500Hz. For d < db, f0 increases
continuously. (b) Map of the rest positon of the cantilever as a function of d. A bifurcation
appears at d = db where bistability is generated. A good agreement between model (black line)
and experiment (red circles) is achieved. (c) Total potential energy, U , for d=2.392 µm. ∆x=6 A˚
is introduced into the model (black line) in order to reproduce the tilt of 0.04 fJ shown by the
experimental data (red circles). (d) Total potential energy, U , for different values of the controlling
parameter, d, showing the flattening of the energy landscape and the appearing of bistability. From
right to left: d=2.535 µm blue panel; d=2.505 µm ocre panel; d=2.475 µm red panel; d=2.445 µm
orange panel; d=2.415 µm green panel.
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FIG. 3. Mechanical responce of the system to electrostatic forces. (a) Time series of the displace-
ment of the cantilever tip (black solid curve) relative to the applied eletrostatic forces (blue dotted
curve) when the system is bistable. The two rest positions correspond to the dashed red curves.
When the force is zero the cantilever is in one of the rest position. (b) Hysteresis loop of the
position as function of the applied force, F . The superimposed red curve shows the path followed
by the cantilever position when the forces goes from negative to positive, starting from the state
‘0’; the green curve shows the cantilever tip path when the force goes from positive to negative,
starting from the state ‘1’.
To evaluate the average energy dissipated per bit stored, Qdis, both transitions, ‘0’ to ‘1’
and ‘1’ to ‘0’, have to be taken into account. On average thus the potential energy change
is equal to zero and then the dissipated energy is the average of the work done for the two
transitions: Qdis =
W01+W10
2
. The measured values for Qdis are shown in Fig. 4 with green
triangles, showing a clear decrease of energy dissipated as d increases. Notice that while d
increases the energy barrier ,∆U , separating the two wells decreases, and the two minima
are less separated. As a matter of fact the forces applied to switch the bit are used to bring
the system on the top of the energy barrier separating the two stable states. After reaching
this point the system transits to the other well and must dissipate the difference between
the potential energy and the thermal energy of the system, this is at least ∆U − kBT .
In the present case ∆U is much larger than kBT , therefore we can say that ∆U sets the
minimum energy dissipation for the present system, represented with a green line in Fig. 4.
As expected, Qdis is above ∆U for all the considered d values. The dependance between
∆U and Qdis is more clear in the top right inset of Fig. 4, where the solid line represent the
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FIG. 4. Energy dissipation, and work done on the system, switching the system from state ‘0’ to ‘1’
and vice versa for different magnets distance, d. Blue squares represent the average work done on
the system to switch from state ‘0’ to ‘1’. Red circles represent the average work done on the system
to switch from state ‘1’ to ‘0’. Green triangules represent the average energy disspated, computed
averaging between W01 and W10. Green solid line represents the energy barrier separating the two
stable states for a symmetric system, as function of magnets distance. Top right inset shows the
dependance between ∆U and Qdis, where the solid line represent the bisector of the graph, and
thus the minimum energy to be dissipated.
bisector of the graph, and thus the minimum energy to be dissipated using this protocol.
Notice that the switch can be achieved in a more energetically convinient way using ad
hoc protocols, e.g., removing the barrier [2, 8], in order to reduce the dissipation to its
physical limit, i.e., arbitrarly low energy dissipated. However intrinsic damping mechanisms
(e.g. structural damping) can set a higher limit to the energy disspated depending on the
maximum deflection of the cantilever[15]. A downscale of the system dimensions could help
in order to reduce energy dissipation. However, this will cause a dramatic increase of its
elastic constant, k. In addition downscaling the magnet dimensions will also reduce its total
magnetization. As a consequence of both effects bistability would be hard to obtain and a
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smart route to bring this sort of device to the nanoscale is needed.
In summary, we have modeled, fabricated and tested a novel implementation of a bistable
system at the microscale where magnetic repulsion is used to engineer the non-linearity. The
distance between magnets and the horizontal alignment are used to tune the intensity of
the magnetic interaction. We have also shown that the system can be operated as a micro-
mechanical memory bit, measuring a minimum energy dissipation produced, storing a bit
of information, lower than 1 fJ.
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